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DECLARATION OF DR. ALEX A. WALDROP, III 

I, Alex A. Waldrop, III, hereby declare as follows: 

1 . Since 2000, I have been the sole proprietor of my own start-up company 
having a principal place of business at the Center for Environmental Enterprise 
(CEE), South Portland, Maine. 1 My present research work focuses on acridine 
compounds, such as 9-acridinecarbonylimidazole (AcriGlow™ 301), for use in 
chemiluminescent assays for medical and environmental diagnostics. My 
professional experience includes research at several organizations, including Maine 
Medical Center Research Institute, South Portland, Maine (1994 to 2000), IDEXX 



1 CEE is a private, non-profit organization funded by the State of Maine as a business incubator. 
Located on the campus of Southern Maine Community College, CEE helps new and young firms like 
my own to commercialize technologies in the environmental field. 



Enz-11(C2)(D1)(C2) 



BEST AVAILABLE COPY 



Robert G. Pergolizzi, et { 
Serial No. 08/479,995 
Filed: June 7, 1995 

Page 2 [Declaration of Dr. Alex A. Waldrop, III] 



Laboratories, Inc., Westbrook, Maine (1992-1993), and Gen-Probe, Inc., San 
Diego, California (1985-1992) as described in my curriculum vitae (cv). 2 Over the 
past several years I served as a consultant for companies such as Brims Ness, 
Capricorn Products, Inc., Maine Standards, and Enzo Biochem, Inc. 



2. My education and research experience are listed in my cv, I received my 
bachelor of science degree (B.S.) from the University of Virginia in 1970, 
graduating with high distinction (magna cum laude). In 1977 I received my 
doctoral degree (Ph.D.) in biophysics from The Johns Hopkins University, 
Baltimore, Maryland. While at Johns Hopkins, I trained in the Department of 
Biophysics as a pre-doctoral fellow in the laboratory of Dr. Michael Beer from 
1970-1977. I developed multiple heavy atom stains for electron microscopy of 
nucleic acids. My doctoral dissertation was titled "Chemical Studies of 
Z?As(Pyridine)osmate(VI) Esters and the Mercury Enhancement of Osmium Labelling 
of Polynucleotides" [ Dissertation Abstracts International 38 (1 1-B):5354+ (194 
pp.) (1978)]. As a postdoctoral fellow, I worked in the laboratory of Dr. David C. 
Ward at Yale University, New Haven, Connecticut from 1977-1980. While at Yale 
I used reactions with heavy metal intermediates to synthesize detectable non- 
radioactive^ modified nucleotides. I contributed to the discovery that these 
modified nucleotides could be incorporated in vitro into nucleic acids for use as 
non-radioactive nucleic acid probes. This discovery led directly to the development 
of several non-radioactively modified nucleotides and nucleotide analogs which are 
used for in situ gene and nucleic acid detection. These modified nucleotides and 
nucleotide analogs and their use in detection processes are described in several 
U.S. patents (Nos. 4,71 1 ,955; 5,328,824; 5,449,767; and 5,476,928). I am one 



2 Copy attached as Exhibit 1 . 
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of three inventors listed on these patents. 3 These modified nucleotides and 
nucleotide analogs include biotinylated nucleotides and other labeled nucleic acid 
compositions which have been sold commercially for years. 

3. After my postdoctoral work, I was Assistant Professor of Chemistry at the 
University of Virginia, Charlottesville, Virginia, from 1980-1982. While working in 
the UVA Department of Chemistry, I taught undergraduate biophysical chemistry. I 
also prepared nucleotide derivatives of tubercidin and characterized allylamine 
derivatives. From 1982-1985, I was Research Associate in the Department of 
Microbiology at UVA where I worked on several projects including the development 
of a new DNA sequencing method and a gel filtration method for nucleotide 
purification and desalting, and the synthesis of a series of 5'-thymidine 
triphosphate derivatives and a dUTP analog containing an ethylenediamine- 
tetraacetic acid (EDTA) group. 

4. I am the author of five scientific publications and I am also an inventor on 
seven U.S. patents, including the four patents referenced in paragraph 2 above. 

5. Enzo Life Sciences, Inc. has asked me as its scientific consultant to 
review recent portions of the prosecution history of United States Patent 
Application Serial No. 08/479,995, filed on June 7, 1995 ("the '995 
Application) in the name of Robert G. Pergolizzi, et al. The title of the '995 
Application is "Analyte Detection Utilizing Polynucleotide Sequences, 

3 All four of these U.S. patents name David C. Ward, Pennina R. Langer and Alexander A. Waldrop, 
III, as co-inventors. U.S. Patent No. 4,711,955 is titled "Modified Nucleotides and Methods of 
Preparing and Using Same" and it issued on December 8, 1987. U.S. Patent No. 5,328,824 is 
titled "Methods of Using Labeled Nucleotides" and it issued on July 12, 1994. U.S. Patent No. 
5,449,767 is titled "Modified Polynucleotides and Methods of Preparing Same," having issued on 
September 12, 1995. The fourth, U.S. Patent No. 5,476,928, is titled "Modified Nucleotides and 
Polynucleotides and Complexes Formed Therefrom," and it issued on December 19, 1995. 
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Composition, Process and Kit." Included for my review were the following 
documents and materials: 

• the original specification [U.S. Patent Application Serial No. 
06/491,929, filed on May 5, 1983]; 

• an Office Action dated February 1 7, 2004; 

• two documents cited in the February 17, 2004 Office Action: 

• T. Maniatis, E. F. Fritsch and J. Sambrook, Molecular Cloning: A 
Laboratory Manual , Cold Spring Harbor Laboratory, 1982, pages 51-54; 
and 

• Pennina R. Langer, Alex A. Waldrop and David C. Ward, "Enzymatic 
synthesis of biotin-labeled nucleotides: Novel nucleic acid affinity 
probes," Proc. Natl. Acad. Sci. (USA) , Volume 78, pages 6633-6637 
(November 1981) (for the sake of simplicity, hereinafter referred to as 
"my 1981 paper"). 4 ' 5 

I have also reviewed two Responses that were filed in the '995 Application, 
including: 

• Applicants 1 May 28, 2004 Amendment Under 37 C.F.R. §1.115; and 

• Applicants' August 20, 2004 Supplemental Amendment To Their May 
28, 2004 Amendment Under 37 C.F.R. §1.115. 

In connection with the August 20, 2004 Supplemental Declaration, I also 
reviewed a set of the pending claims in the '995 Application, including 
claims 506 and 510. I am being compensated for my review and for making 
this Declaration. 



4 Copy attached as Exhibit 2. 

5 I am the same Alex A. Waldrop who is listed as a co-author on this publication. At the time of 
publication in 1981, I was Assistant Professor of Chemistry at the University of Virginia, 
Charlottesville, Virginia. Before that, I was at Yale University working in collaboration with Dr. 
David C. Ward and Pennina R. Langer, also both of Yale. 
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6. I understand that in the February 1 7, 2004 Office Action, the Patent 
Examiner rejected claims 506 and 510, and one other claim, 509, as being 
anticipated by my 1981 paper. 6,7 Claims 506 and 510 in the '995 Application 
reads as follows: 

506. A polynucleotide sequence covalently attached to an antibody. 
510. A polynucleotide sequence covalently attached to a hormone. 



7. As set forth above and in my cv, I am a chemist with substantial experience 
and background in nucleic acid chemistry and protein chemistry. My knowledge, 
background, training and experience in nucleic acid chemistry encompasses nucleic 
acid modifications, including labeling nucleic acids for use in hybridization and 
detection assays. In protein chemistry, I am familiar with protein modifications and 
labeling proteins, enzymes and antibodies for use in protein detection. I am familiar 
with several nucleic acid and protein detection formats and with nucleic acid and 
protein probe technology in general. My professional and academic career involves 



6 The Patent Examiner wrote on page 6 in the February 17, 2004 Office Action: 

Langer et al. discloses polynucleotides of DNA or RNA with biotin covalently 
attached which covalent attachment also results in antibody attachment which 
anticipates the above listed instant claims. Such an antibody is also a receptor for 
biotin binding as required in certain instant claim 510. See the entire document and 
especially page 6635, first column, second full pargraph. 

7 The portion on page 6635 in my 1981 paper cited by the Patent Examiner in the Office Action 
reads as follows: 

The second line of evidence for biotin substitution is that only 
polynucleotides synthesized in the presence of biotin-labeled nucleotides are 
immunoprecipitated when treated with purified antibiotin antibodies and then with 
formalin-fixed Staphylococcus (Table 2). Although the amount of biotin-labeled 
polymer found in the immune precipitate is dependent on the antibody concentration 
and time of incubation, under optimum conditions, >90% of the product can be 
immunoprecipitated, even when present in subnanogram quantities. Significantly, 
the results in Tables 1 and 2 show that the biotin molecule can be recognized by 
avidin and antibiotin antibodies when the DNA is still in a double-stranded form. 
Parallel experiments (not shown) indicate that biotin-labeled DNA«RNA hybrids and 
RNA duplexes behave similarly. These observations suggest that immunological and 
affinity methods could be used for probe detection (or isolation) following standard 
hybridization procedures. 
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extensive research exploring the modifications and labeling of nucleic acids for use 
as probes in hybridization and detection assays. To a lesser extent, I have 
performed research with proteins, polypeptides, hormones, enzymes and 
antibodies, again, for detection purposes. One of my more recent areas of research 
is chemiluminescence and assays using chemiluminescent reagents to detect a 
wide variety of substances including nucleic acids, proteins and other biomolecules. 

8. Based upon my training, background and experience, I believe that at the 
time the '995 Application was filed in May 1983, the relevant art to the subject 
matter being claimed would have included many if not most of the following areas: 
modifications of nucleic acids and proteins, nucleic acid and protein synthesis and 
labeling, nucleic acid hybridization, protein-protein interactions, substrate 
recognition by protein, and detection. I consider myself to possess the level of 
skill, knowledge, training and experience of at least a person of ordinary skill in the 
art to which the subject matter of present claims 506 and 510 pertain. 8 

9. I have been informed that in order to anticipate a patent claim, the law 
requires that the four corners of a single, prior art document must describe every 
material element of the claimed invention, either expressly or inherently, such that 
a person of ordinary skill in the art could practice the invention without undue 
experimentation. I have also been informed that an anticipating document must 
describe the subject matter being sought with sufficient clarity and detail to 
establish that the subject matter existed and that its existence was recognized by 
persons of ordinary skill in the field of the invention. 



8 I understand that claim 509 was canceled in Applicants' August 20, 2004 Supplemental 
Amendment. For purposes of making this Declaration, my statements are confined to claims 506 
and 510. 
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10. As a person of ordinary skill in the art, it is my opinion that my 1981 paper 
does not anticipate claims 506 and 510 because at least one material claim 
element is clearly lacking in the paper. Unlike claims 506 and 510, my 1981 paper 
does not disclose the covalent attachment of a polynucleotide sequence to an 
antibody or to a hormone; it only describes the attachment of an antibody to a 
polynucleotide by means of noncovalent binding of one antibody (antibiotin) to its 
corresponding antigen (biotin). I believe, therefore, that the subject matter of 
claims 506 and 510 is novel over my 1981 paper. My reasons for making this 
statement are set forth in the paragraphs that follow below. 



11. It is textbook chemistry that the interactions between chemical molecules fall 

into one of two camps, covalent interactions and noncovalent interactions. It is 

also textbook chemistry that covalent bonds and noncovalent bonds are quite 

different from each other. A covalent bond is typically defined as "a bond formed 

between two atoms and consisting of one or more shared pairs of electrons such 

that one electron in a pair is donated by each of the two bonded atoms." 9 A 

noncovalent bond is every bond that is not covalent. A good description of 

covalent and noncovalent bonds is provided by Garrett and Grisham: 

Covalent bonds hold atoms together so that molecules are formed. In 
contrast, weak chemical forces or noncovalent bonds (hydrogen 
bonds, van der Waals forces, ionic interactions, and hydrophobic 
interactions) are intramolecular or intermolecular attractions between 
atoms. None of these forces, which typically range from 4 to 30 
kJ/mol, are strong enough to bind free atoms together (Table 1.3). 
The average kinetic energy of molecules at 25 °C is 2.5 kJ/mol, so the 
energy of weak forces is only several times greater than the 
dissociating tendency due to thermal motion of molecules. Thus, 
these weak forces create interactions that are constantly forming and 
breaking at physiological temperature, unless by cumulative number 
they impart stability to the structures generated by their collective 

9 Stenesh, J., Dictionary of Biochemistry and Molecular Biology , Second Edition, John Wiley & 
Sons, New York, 1989, page 105; copy attached as Exhibit 3. 
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action. These weak forces merit further discussion because their 
attributes profoundly influence the nature of the biological structures 
they build. 10 [emphasis in original] 

As described above, a combination of weak interactions can cumulatively yield 
strong interactions, and a good example is the binding that occurs between biotin 
and avidin, or between biotin and an antibody, such as Immunoglobulin G (IgG). 




1 2. There are many interactions and processes in biochemistry that involve the 

weak chemical forces or noncovalent bonds. Garrett and Grisham explain: 

Weak chemical forces underlie the interactions that are the basis of 
biomolecular recognition. It is important to realize that because these 
interactions are sufficiently weak, they are readily reversible. 
Consequently, biomolecular interactions tend to be transient; rigid, 
static lattices of biomolecules that might paralyze cellular activities are 
not formed. Instead, a dynamic interplay occurs between metabolites 
and macromolecules, hormones and receptors, and all the other 
participants instrumental to life processes. This interplay is initiated 
upon specific recognition between complementary molecules and 
ultimately culminates in unique physiological activities. Biological 
function is achieved through mechanisms based on structural 
complementarity. 11 

Among the examples of biological processes that rely on noncovalent bonds are the 
reaction of an antigen with its antibody, the binding of many hormones and drugs 
to nucleic acids and proteins, the reading of the genetic message (codon-anticodon 
recognition), and the secondary structure of proteins and nucleic acids (including 
denaturation and renaturation). 



10 From Reginald H. Garrett and Charles M. Grisham's Biochemistry , Third Edition, Brooks/Cole, a 
division of Thomson Learning, Inc., Belmont, CA, 2005[sic], Chapter 1, page 13; copy of pages 13- 
19 attached as Exhibit 4. 

11 Exhibit 4, paragraph bridging pages 16 and 17. 
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13. In my 1981 paper, we synthesized nucleotide analogs in which biotin was 

directly and covalently bonded via a linker arm to the 5-position of the uridine ring. 

In contrast to the prior art, we disclose on the first page 12 that: 

[b]iotin directly attached to a nucleotide that functions as an efficient 
polymerase substrate would be more versatile, both in the 
experimental protocols and in the detection methods that could be 
used. 

In the very next paragraph that carries over to the right column, we continue: 

We have synthesized a number of nucleotide analogs that 
contain potential probe determinants (e.g., biotin, iminobiotin, and 2,4- 
dinitrophenyl groups) covalently attached to the pyrimidine or purine 
ring in the hope that one of them might prove to be a useful affinity 
reagent. This report describes the synthesis of biotin-labeled 
derivatives of UTP and dUTP (1 and 2, respectively) that are 
substrates for RNA or DNA polymerases. The properties of the 
resulting biotin-substituted polynucleotides appear to satisfy the basic 
criteria required of a good affinity probe. [emphasis added] 

In my 1981 paper (page 6635, left column, second full paragraph 13 ), we disclose 
that "the biotin molecule can be recognized by avidin and antibiotin antibodies . . 
This recognition results in the noncovalent binding of the antibody to the biotin. In 
the case of my 1981 paper, the antibiotin, IgG, was used as the antibody. See 
Table 2, page 6636, left column. See also MATERIALS AND METHODS, page 
6633, right column ("The following enzymes and reagents were gifts: . . . rabbit 
antibiotin serum (F. Harmon)." 



14. As a person of ordinary skill in the art, it is my opinion that one could not 
practice the invention described in claims 506 and 510 from a reading of my 1981 



12 Exhibit 2, page 6633, left column, last sentence in the first paragraph, continuing through the 
next paragraph bridging the left and right columns. 

13 This is the same paragraph cited by the Patent Examiner on page 6 in the July 14, 2004 Office 
Action, and also quoted in Footnote 7 above. 
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paper because it is clear that the binding interactions between biotin and the 
antibiotin IgG were noncova/ent. Because the binding interactions between biotin 
and IgG were noncovalent, my 1981 paper clearly fails to disclose cova/ent 
antibody attachment to a polynucleotide sequence, as called for by claim 506. 14 
Moreover, it is my opinion as a person of ordinary skill in the art that my 1981 
paper does not describe the covalent attachment of a polynucleotide sequence to 
an antibody to establish that the subject matter of claim 506 existed and was 
recognized in the field. With respect to claim 510, I would like to point out that my 
1981 paper fails to disclose any hormones, let alone any covalent attachment of a 
hormone to a polynucleotide sequence. 

15. With regard to the statements in the anticipation rejection, 15 I agree that my 
1981 paper discloses polynucleotides of DNA or RNA with biotin covalently 
attached. I respectfully and strongly disagree, however, that the covalent 
attachment of biotin to the polynucleotide in my 1981 paper resulted in covalent 
antibody attachment as required by claim 506, or that it resulted in covalent 
hormone attachment as required by claim 510. To assert that biotin is covalently 
attached to a polynucleotide, and that such covalent attachment results in covalent 
antibody attachment which meets the material elements of claims 506 and 510 is 
an erroneous and unreasonable characterization of my 1981 paper. As explained in 



14 On top of that, because of its sheer size, covalently attaching the IgG antibody disclosed in my 
1981 PNAS paper to a nucleotide for incorporation into a polynucleotide by a polymerase would 
have been deemed impractical if not unworkable. See Abstract and first two paragraphs on page 
6633 in my 1981 paper. 

15 February 17, 2004 Office Action, page 6, second full paragraph. 
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Paragraph 1 1 above, covalent bonds and noncovalent bonds are very different from 
each other. Claim 506 recites that a polynucleotide sequence is covalently 
attached to an antibody, and claim 510 recites that a polynucleotide sequence is 
covalently attached to a hormone. As explained above, my 1981 paper does not 
disclose that IgG is covalently attached to a polynucleotide sequence. Instead, my 
1981 paper describes the noncovalent attachment of IgG to biotin, which is 
materially different from the recitation in claims 506 and 510. 

16. In summary, and for the reasons given above, I conclude as a person of 
ordinary skill in the art that the subject matter of claims 506 and 510 is novel over 
my 1 981 paper. 

I hereby declare that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true; and 
further that these statements are made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code, and that any such willful 
false statements may jeopardize the validity of the application or any patent issued 
thereon. 





Dr. Alex A. Waldrop, III ^ ^ 



FinalDecL8.30.04 (8 PM) 
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ADDRESS 

260 Westbrook Street #10 
South Portland, Maine 04106-3350 
(207) 773-6450 (207) 767-4800 
(207) 767-4306 fax 

awaldrop@maine.rr.com or alexw3@hotmail.com 



EDUCATION 



Ph.D. (Biophysics) 1977, Johns Hopkins University, Baltimore, Maryland, 
Thesis Advisor: Dr. Michael Beer, 
Thesis Title: "Chemical Studies "Chemical Studies of 
to (Pyridine)osmate(VI) Esters and the Mercury 
Enhancement of Osmium Labelling of Polynucleotides" 
Dissertation Abstracts International 38 (1 1-B):5354+ 
(194 pp.) (1978); 
B.S. (Chemistry) 1970, Magna cum Laude, University of Virginia. 



HONORS 



Echols Scholar, Phi Eta Sigma, Hugh Miller Spencer Scholarship in 
Chemistry, 1970. 



PROFESSIONAL 
MEMBERSHIPS 



Alpha Chi Sigma, Sigma Xi, AAAS, AACC, American Chemical Society. 



EXPERIENCE 



Founder and Principal Scientist, Started Company at Center for 
Environmental Enterprise (CEE), 2000 to present. Further characterized 
9-Acridinecarbonylimidazole (AcriGlow 301) and its reaction with 
peroxide in various buffers and solvents. Examined ways of removing 
peroxide impurities from solvents, detergent and polymer solutions. 
Tested screening assay for detecting pollutants in environmental water 
samples. Served as consultant for Brims Ness, Capricorn Products, Inc., 
Maine Standards, and Enzo Biochem, Inc. 



Visiting Scientist , Maine Medical Center Research Institute, 1994 to 
2000. Synthesized and characterized modified acridancarboxylic acid 
ester. Demonstrated substrate activity with HRPO. Invented and 
characterized activated 9-acridinecarboxylic acid derivatives. 
Demonstrated high sensitivity assay of glucose oxidase and alkaline 
phosphatase. HPLC of acridine derivatives. HPLC of synthetic 
oligonucleotides. 



Research Scientist , IDEXX Laboratories, Inc., 1992 - 1993. 
Optimization of HRPO assay systems. 



Staff Scientist , Gen-Probe, Inc., 1985 - 1992. Synthesized and designed 
acridinium esters. Helped design linker arms, optimize detection of 



Curriculum Vitae of Dr. A^^A. Waldrop, III 
Page 2 



acridinium esters, stabilize acridinium esters, improve elution of nucleic 
acids from solid supports. Characterized acridinium esters by HPLC, UV 
and chemiluminescence. 

Research Associate , Department of Microbiology, University of Virginia, 
1982 - 1985. Developed new DNA sequencing method similar to Sanger 
approach, but which leaves functional 3 ! ends, which can be ligated to 
produce a set of deletion mutants or can be extended under conditions 
forcing misincorporation to generate a set of point mutations. Synthesized 
series of 5 -thymidine triphosphate derivatives containing a 3 -phosphate 
mono-, di-, or triester group. Showed that these analogs were not 
substrates for T4 or Klenow DNA polymerase. Developed simple, rapid 
gel filtration method for purifying and desalting nucleotides. Synthesized 
an analog of dUTP containing an EDTA group and showed that it can be 
enzymatically incorporated into DNA. 

Assistant Professor , Department of Chemistry, University of Virginia, 
1980-1982. Prepared nucleotide derivatives of tubercidin. Characterized 
allylamine derivatives. Taught biophysical chemistry. 

Postdoctoral Research Fellow , Department of Molecular Biophysics and 
Biochemistry (laboratory of Dr. David C. Ward), Yale University, 
1977-1980. Synthesized modified pyrimidines to incorporate in vitro into 
nucleic acids, using reactions between heavy metals and nucleic acid 
components. Developed nucleotide analogs used for gene detection in situ . 
Biotinyl nucleotides now selling commercially. 

Predoctoral Fellow , Department of Biophysics (laboratory of Dr. Michael 
Beer), Johns Hopkins University, Baltimore, Maryland, 1970-1977. 
Developed multiple heavy atom stains for electron microscopy of nucleic 
acids. 

ACHIEVEMENTS Co-inventor of non-radioactively-labeled nucleotides, including biotinyl 
nucleotides (U.S. Patents Nos. 4,711,955; 5,328,824; 5,449,767; and 
5,476,928). Co-inventor of activated 9-acridinecarboxylic acid 
chemiluminescent system. Experienced in chemistry of nucleic acids and 
proteins, especially the synthetic chemistry of nucleotides, peptides, and 
their oligomers, and in the chemistry of mercury, osmium, and palladium; 
familiar with NMR, UV- Visible, IR, and fluorescent spectroscopic 
techniques, and with TLC, HPLC, gel filtration, and ion exchange 
chromatographic procedures; experienced in the use of DNA polymerases 
and nucleases. Experienced in detection systems for nucleic acids, 
especially chemiluminescence. Experienced in chemistry of acridine and 
acridinium compounds. Experienced with several ELISA enzymes, 
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including horseradish peroxidase (HRPO), alkaline phosphatase, glucose 
oxidase, and p-galactosidase. 

Publications 

(1) Richardson, F.S., Shillady, D.D., Waldrop, A.A.; A Theoretical Study of Cis - Trans 
Photoisomerization in the Bis(Glycinato) Platinum(II) Complex, Inorganica Chimica Acta , 5, 
279-289(1971). 

(2) Waldrop, A.A., Beer, M, Marzilli, L.G.; Osmium-labeled Polynucleotides. Incorporation of 
Additional Heavy Atoms (Mercury) via Ligand Substitution Reactions, Journal of Inorganic 
Biochemistry , 10, 225-234 (1979). 

(3) Langer P.R., Waldrop, A.A., and Ward, D.C.; Enzymatic Synthesis of Polynucleotides 
Containing Biotin: Novel Nucleic Acid Affinity Probes, Proc. Natl. Acad. Sci. U.S.A. , 78, 
6633-6637 (1981). 

(4) Hammond, Philip W.; Wiese, Wendy A.; Waldrop, Alex A., Ill; Nelson, Norman C; Arnold, Lyle 
J., Jr.; Nucleophilic Addition to the 9 Position Of 9-Phenylcarboxylate-10-Methylacridinium 
Protects Against Hydrolysis of the Ester, J. Biolumin. Chemilumin. 6(1), 35-43, (1991). 

(5) Waldrop, Alex A., Ill; Fellers, Jonathan; Vary, Calvin P. H.; Chemilumminescent Determination 
of Hydrogen Peroxide with 9-Acridinecarbonylimidazole and Use in Measurement of Glucose 
Oxidase and Alkaline Phosphatase Activity, Luminescence 15(3), 168-182, (2000). 

Patents and Patent Appplications 

(1) Ward, D.C., Langer, P.R., and Waldrop, A.A.; Modified Nucleotides and Methods of Preparing 
and Using Same, U.S. Patent 4,71 1,955 (December 8, 1987). (European Pat. Appl. EP 63879 A2) 

(2) Arnold, Lyle J., Waldrop, Alex A., Ill, Hammond, Philip W.; Protected Chemiluminescent Labels, 
U. S. Patent # 4,950,613 (Aug. 21, 1990). (European Pat. Appl. EP 330433 A2). 

(3) Ward, D.C., Langer, P.R., and Waldrop, A.A.; Methods of Using Labeled Nucleotides. U.S. 
Patent #5,328,824 (July 12, 1994). 

(4) Ward, D.C., Langer, P.R., and Waldrop, A.A.; Modified Polynucleotides and Methods of 
Preparing Same. U.S Patent #5,449,767 (Sept.12, 1995). 

(5) Ward, D.C., Langer, P.R., and Waldrop, A.A.; Modified Nucleotides and Polynucleotides and 
Complexes Form Therefrom. U.S Patent #5,476,928 (Dec.19, 1995). 
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(6) Arnold, Lyle, J., Jr.; Nelson, Norman C; Reynolds, Mark A.; Waldrop, Alex A., Ill; Polycationic 
Supports and Nucleic Acid Purification, Separation and Hybridization. U. S. Patent #5,599,667 
(Feb 4, 1997). (European Pat. Appl. EP 281390 A2). 

(7) Waldrop, Alex A., Ill and Vary, C.P.H., Peroxide-Based Chemiluminescent Assays and 
Chemiluminescent Compounds Used Therein. Patent pending (Submitted 1997 as Provisional 
Patent Application). 
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ABSTRACT Analogs of dUTP and UTP that contain a biotin 
molecule covalendy bound to the C-5 position of the pyrimidine 
ring through an allylamine linker arm have been synthesized. 
These biotin-labeled nucleotides are efficient substrates for a va- 
riety of DN A and RNA polymerases in vitro. Polynucleotides con- 
taining low levels of biotin substitution (30 molecules or fewer per 
Idlobase) have denaturation, reassociation, and hybridization 
characteristics similar to those of unsubstituted controls. Biotin- 
labeled polynucleotides, both single and double stranded, are se- 
lectively and quantitatively retained on avidin-Sepharose, even 
after extensive washing with 8 M urea, 6 M guanidine hydrochlo- 
ride, or 99% formamide. In addition, biotin-labeled polynucleo- 
tides can be selectively immunoprecipitated in the presence of 
antibiotin antibody and Staphylococcus aureus protein A. The 
unique features of biotin-labeled polynucleotides suggest that they 
will be useful affinity probes for the detection and isolation of spe- 
cific DNA and RNA sequences. 



Nucleotide analogs that can function as indicator "probes" when 
"incorporated in polynucleotides would be of significant utility 
in many procedures used in biomedical and recombinant DNA 
research. When used in conjunction with immunological, his- 
tochemical, or affinity detector systems, such reagents could 
provide suitable alternatives to radioisotopes for the detection, 
localization, and isolation of nucleic acid components. Biotin 
(vitamin H) has many features that make it an ideal probe can- 
didate. The interaction between biotin and avidin, a 68,000- 
dalton glycoprotein from egg white, has one of the highest bind- 
ing constants = 10" H known (1). When avidin is coupled 
to appropriate indicator molecules i fluorescent dyes, electron- 
dense proteins, enzymes, or antibodies), minute quantities of 
biotin can be detected (2-8). The specificity and tenacity of the 
biotin-avidin complex has been exploited to develop methods 
for the visual localization of specific proteins, lipids, and car- 
bohydrates on or within cells (for review, see ref. 2). Davidson 
and associates (9-11) chemically crosslinked biotin to RNA, via 
cytochrome c or polyamine bridges, and used these RN A-biotin 
complexes as probes for in siru hybridization. The sites of hy- 
bridization were visualized in the electron microscope through 
the binding of avidin-ferritin or avidin-methacrylate spheres. 
Although this approach to the detection of polynucleotide se- 
quences was successful in the specialized cases examined, a sim- 
pler and more general procedure for preparing biotin-substi- 
tuted nucleic acids was desirable. Biotin directly attached to a 
nucleotide that functions as an efficient polymerase substrate 
would be more versatile, both in the experimental protocols and 
in the detection methods that could be used. 

We have synthesized a number of nucleotide analogs that 
contain potential probe determinants (e.g., biotin, iminobiotin, 
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and 2,4-dinitrophenyl groups) covalently attached to the pyrim- 
idine or purine ring in the hope that one of them might prove 
to be a useful affinity reagent. This report describes the syn- 
thesis of biotin-labeled derivatives of UTP and dUTP (1 and 2, 
respectively) that are substrates for RNA or DNA polymerases. 
The properties of the resulting biotin-substituted polynucleo- 
tides appear to satisfy the basic criteria required of a good af- 
finity probe. 

0 




* 2, R = H 

MATERIALS AND METHODS 

Materials. Standard NTPs were purchased from P-L Bio- 
chemicals, and dUTP was obtained from Sigma. Radiolabeled 
nucleotides were products of New England Nuclear or Amer- 
sham Radiochemicals. Escherichia coli DNA polymerase I, both 
holoenzyme and Klenow fragment, was obtained from Boeh- 
ringer Mannheim; restriction enzymes were from New England 
BioLabs or Bethesda Research Laboratories. The following en- 
zymes and reagents were gifts: TT RNA polymerase and T7 
DNA (J. Coleman); herpes simplex DNA polymerase (B. 
Francke); L1210 and HeLa cell DNA polymerases a and /3(H. 
S. Allaudeen); avian myeloblastosis reverse transcriptase (RNA- 
dependent DNA nucleotidyltransferase) (S. Weissman); murine 
and calf thymus RNA polymerase II (R. Roeder); £. coli RNA 
polymerase (P. Farnam); and rabbit antibiotin serum (F. 
Harmon). 

Synthesis of 1 (Bio-UTP) and 2 (Bio-dUTP). Mercu ration 
step. The 5-mercurated derivatives of UTP and dUTP were pre- 
pared by a modification of the procedure of Dale et al (12). UTP 
(570 mg, 1.0 mmol) or dUTP (554 mg, 1.0 mmol) in 100 ml of 
0. 1 M sodium acetate, pH 6.0, was treated with mercuric ace- 
tate (1.59 g, 5.0 mmol). The solution was heated at 50°C for 4 
hr and then cooled on ice. Lithium chloride (392 mg, 9.0 mmol) 



Abbreviations: AA-UTP and AA-dUTP, 5-(3-amino)allyl uridine and 
deoxvuridine triphosphates, respectively; Bio-UTP and Bio-dUTP. 5- 
allvlaminobiotin-labeled UTP and dUTP, respectively: Bio- RNA and 
Bio-DNA, biotin-labeled RNA and DNA, respectively; MVM. minute 
virus of mouse: RF, replicative form. 
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Charlottesville, VA 22901. 
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was added, and the solution was extracted six times with equal 
volumes of ethyl acetate to remove excess HgCL The efficiency 
of the extraction process was monitored by estimating the mer- 
curic ion concentration in the organic layer by using 4,4'- 
bis(dimethylamino)-thiobenzophenone (13). The extent of nu- 
cleotide mercuration, determined spectrophotometrically by 
following the iodination of an aliquot of the aqueous solution 
(14), was routinely 90-100%. The nucleotide products in the 
aqueous layer, which often became cloudy during the ethyl ace- 
tate extraction, were precipitated by the addition of 3 vol of ice- 
cold ethanol and collected by centrifugation. The precipitate 
was washed twice with cold absolute ethanol and once with ethyl 
ether and then air dried. These products were used for the syn- 
thesis of the 5-(3-amino)alIyI nucleotides without further 
purification. 

Synthesis of 5-(3-amino)allyluridine and deoxyuridine 5' tri- 
phosphates (AA-UTP and AA-dUTP). Organo mercurial com- 
pounds can be alkylated or arylated under mild conditions by 
reaction with olefins in the presence of a palladium catalyst ( 15). 
Bergs trom and associates (16, 17) have recently used this pro- 
cedure for the synthesis of C-5-substituted pyrimidine nucleo- 
sides. We have also adopted this general synthetic approach for 
introducing the allylamine linker arm. The mercurated nucleo- 
tides were dissolved in 0. 1 M sodium acetate, pH 5.0, and ad- 
justed to 20 mM (A 267 , 200 units/ml). A fresh 2.0 M solution 
of allylamine (Aldrich) was prepared by slowly adding 1.5 ml 
of allylamine (13.3 M) to 8.5 ml of ice-cold 4 M acetic acid. Three 
milliliters (6.0 mmol) of the neutralized allylamine stock was 
added to 25 ml (0.5 mmol) of nucleotide solution. One nucleo- 
tide equivalent of K 2 PdCl 4 (163 mg t 0.5 mmol; Alfa-Ventron. 
Danvers, MA) in 4 ml of water was then added to initiate the 
reaction; the solution gradually turned black and metal (Hg and 
Pd) deposits appeared on the walls of the reaction vessel. After 
standing at room temperature for 18-24 hr, the reaction mixture 
was passed through a 0.45-Aim membrane filter (Nalgene) to 
remove most of the remaining metal precipitate. The yellow 
filtrate was diluted 1:5 with H. 2 0 and applied to a 100-ml column 
ofD£AE-SephadexA-25 (Pharmacia). After washing with 1 col- 
umn vol of 0.1 M sodium acetate, pH 5.0, the products were 
eluted by using a 1-liter linear gradient (0.1-0.6 M) of sodium 
acetate, pH 8-9, or Et 3 NHC0 3 , pH 7.5. The desired, product 
was in the major UV-absorbing peak, which eluted between 
0.30 and 0.35 M salt. Because spectral analysis showed that this 
peak contained several products, final purification was achieved 
by reverse-phase high-pressure liquid chromatography on col- 
umns of Partisil-ODS2, using either 0.5 M (NH 4 ) 3 P0 4 ", pH 3.3 
(analytical separations), or: 0.5 M Et 3 NHOAc, pH 4.3 (prepa- 
rative separations), as eluents. .AA-UTP and AA-dUTP were the 
last peaks to elute from the column and they were cleanly re- 
solved from three as-yet unidentified contaminants. The char- 
acterization of the (3-amino)ailyl nucleotides by proton NMR, 
elemental, spectral, and chromatographic analyses will be pre- 
sented in detail elsewhere. These studies clearly showed that 
the (3-amino)ailyi substituent is attached to the C-5 position of 
the pyrimidine ring and that the olefinic protons are in the rrarw 
configuration. 

Conversion of AA-UTP or AA-dUTP to Bio-UTP and Bio- 
dUTP. Bio tiny l-N-hydroxysuccinimide ester was prepared from 
biotin (Sigma) as described (3). AA-UTP-4H,0 i70 mg, 0.1 
mmol) or AA-dtTP-H 2 0 i63 mg. 0.1 mmol) in 20 ml of 0.1 M 
sodium borate, pH 8.5, was treated with the ester (34. 1 mg, 0. 1 
mmol) in 2 ml of dimethylformamide. The reaction mixture was 
left at room temperature for 4 hr and then loaded directly onto 
a 30-ml column of DEAE-Sephadex A-25 previously equili- 
brated with 0. 1 M Et 3 NHC0 3 , pH 7.5. The column was eluted 
with a 400-ml linear gradient (0. 1-0.9 M) of Et 3 NHC0 3 . Frac- 



tions containing bio-dUTP or bio-UTP, which eluted at 
0.55-0.65 M Et 3 NHC0. 3l were desalted by rotary evaporation 
in the presence of methanol and then dissolved in water. Oc- 
casionally, a slightly cloudy solution was obtained: this turbidity, 
due to a contaminant in some Et 3 NHC0 3 solutions, was re- 
moved by filtration through a 0.45-Mm filter. For long-term 
storage, the nucleotides were converted to sodium salts by 
briefly stirring the solution in the presence of Dowex 50 (Na*). 
After filtration, the nucleotide was precipitated by the addition 
of 3 vol of cold ethanol, washed with ethyl ether, dried at re- 
duced pressure over sodium hydroxide pellets, and stored in 
a desiccator at -20°C. For immediate use, the nucleotide so- 
lution was made 20 mM in Tris-HCl. pH 7.5, and adjusted to 
a final nucleotide concentration of 5 mM. Stock solutions were 
stored at -20°C. "» 

Analysis. Bio-dUTP; Calcd. for CaH^NsO^SNa^rLO: 
C, 29.80; H, 3.38; N, 7.89; P, 10.47; S. 3.61. Found: C, 30.14; 
H, 3.22; N, 7.63; P, 10.31; S, 3.70. Bio-UTP: Calcd. for 
CoaHjoNjO^SNa^ H„0: C, 29. 15; H. 3. 19; N. 7.45; P, 9.89: 
S, 3.41. Found: C, 28.76; H, 3.35; N. 7.68; P, 9.81; S. 3.32. The 
spectral properties of bio-dUTP and bio-UTP at pH 7.5 [A majl 
289 rim (e = 7100); A m „ 240 nm (e = 10,700); A mjn 262 nm (e 
= 4300)] reflect the presence of an exocylic double bond con- 
jugated with the pyrimidine ring. These nucleotides also give 
a strong positive reaction (an orange-red color) when treated 
with p-dimethylaminocinnamaldehyde in ethanoiic sulfuric 
acid, a procedure used for biotin quantitation (18). However, 
in contrast to AA-dUTP and AA-UTP, they do not give a positive 
ninhydrin reaction. 

RESULTS 

Bio-UTP and Bio-dUTP have been synthesized. These analogs 
were then tested for their ability to function as substrates for 
a series of purified nucleic acid polymerases in cirro. As shown 
in Fig. 1, Bio-dUTP is an excellent substrate for £. coli DNA 
polymerase I using either the nick-translation protocol of Rigby 
et aL (19) or the "gap- filling" reaction described by Bourguignon 
et aL (21). Although it is incorporated at an initial rate that is 
only 30-40% of that of the control reaction with TTP, the final 
specific activities (and the extent of polymerization) that can be 
achieved are essentially the same. Bio-dUTP is also a substrate 
for bacteriophage T4 DNA polymerase. DNA polymerases a 
and 0 from murine (A-9) and human (He La) cells, and the DNA 
polymerase of herpes simplex virus, with incorporation effi- 
ciencies similar to that of £ . coli D N A polymerase I (not shown). 
In addition, Bio-dUTP will support DNA synthesis in a nuclear 
replication system prepared from baby hamster kidney cells in- 
fected with herpes simplex virus (unpublished data). In con- 
trast, Bio-dUTP does not function as a substrate for avian mye- 
loblastosis virus reverse transcriptase under standard incubation 
conditions using mRNA-oligo(dT), minute virus of mouse 
(MVM) DNA, or poly(dA)-oligo(dT) as template-primer 
complexes. 

The ribonucleotide analog, Bio-UTP. can substitute for UTP 
in reactions catalyzed by the RNA polymerases of £. coli and 
bacteriophage T7 (Fig. 2), although with a lower efficiency than 
that of any DNA polymerase/ Bio-dUTP system. Furthermore, 
Bio-UTP is utilized poorly, if at all, by the eukaryotic RNA poly- 
merases we have examined [ HeLa cell RNA polymerase III, calf 
thymus RNA polymerase II, and mouse L-cell RNA polymerase 
II). Although the limited range of substrate function precludes 
the use of Bio-UTP in the direct enzymatic biotin labeling of 
eukaryotic transcripts in vivo, biotin-labeled RNA (Bio-RNA) 
probes can be prepared in vitro by using appropriate DNA tem- 
plates and £. coli RNA polymerase or by 3'-end labeling meth- 
ods using RNA ligase and biotin-labeled pUp (not shown). 
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The enzymatic polymerization of nucleotides containing bio- 
tin was not monitored directly because neither Bio-dUtP or 
Bio-LTP were radiolabeled. However/ two lines of evidence 
show that the biotin-labeled nucleotides are incorporated. The 
first is that polynucleotides synthesized in the presence of bio- 
tin-labeled nucleotides are selectively retained when chroma- 
tographed over avidin-Sepharose affinity columns. For exam- 
ple, normal DNA, nick translated with TTP, dCTP, dCTP, and 
l P '^ MP ' is quantitatively eluted from avidin-Sepharose bv 
the addition of 0.5 M XaCI. In contrast, the majority of nick- 
translated biotin-labeled DMA (Bio-DNA) remains bound to the 
resin even after extensive washing with high salt, urea, guan- 
idine-HCl, formamide, 2 m.Vf biotin, or 50 m.M NaOH (Table 
ITTThe small fraction of radiolabel eluted by these washing con- 
ditions is not retained when it is applied to the resin a second 
time, suggesting that this radioactivity is associated with DNA 
fragments that are free of biotin substitution. Because the 
pBR322 DNA used in this experiment had ==-5% of its thymidine 
residues substituted by BUwlUMP (based on picomoles of 
[ PJdAMP incorporated in the nick- translation reaction), it is 
clear that only a few molecules of biotin per kilobase of DNA 
are necessary for irreversible binding to avidin-Sepharose. In- 
deed, when the "sticky" ends of Simian virus 40 DNA (linear- 
ized by treatment with EcoRI) are filled in by using BkmIUTP 
and £. coli DNA polymerase Klenow fragment, the DNA is 
retained on avidin-Sepharose (unpublished data). Thus, four 
biotin molecules or fewer per five kilobases of DNA are suffi- 
cient for selective retention. 

The second line of evidence for biotin substitution is that only 
polynucleotides synthesized in the presence of biotin-labeled 
nucleotides are immunoprecipitated when treated with purified 
antibiotin antibodies and then with formalin-fixed Staphylo- 
coccus (Table 2). Although the amount of biotin-labeled poly- 
mer found in the immune precipitate is dependent on the an- 
tibody concentration and time of incubation, under optimum 
conditions, >90% of the product can be immunoprecipitated, 
even when present in subnanogram quantities. Significantly! 
the results in Tables 1 and 2 show that the biotin molecule can 
be recognized by avidin and antibiotin antibodies when the 
DNA is still in a double-stranded form. Parallel experiments 
(not shown) indicate that biotin-labeled DNA-RNA hybrids and 
RNA duplexes behave similarly. These observations suggest 
that immunological and affinity methods could be used for 
probe detection (or isolation) following standard hybridization 
procedures. 

To determine whether biotin-substituted polynucleotides 
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Fig. 1. Bio-dUTP is a . substrate for E. coli 
DNA polymerase I.- (A). A Phage DNA was nick 
translated in uitro with DNA polymerase I holo- 
enzyme as described (19). Reactions used 
[ 3 P]dATP ( 1.35 mM. 400 Ci/mmol) and either 20 
mM TTP (c). 20 plM Bio-dUTP (•), or 10 mM TTP/ 
10 mM Bio-dUTP (a). (B) Minute virus of mouse 
(MVM) DNA, a 5-kilobase single-stranded DNA 
with terminal hairpin duplexes (20), was con- 
verted to a double-stranded form by reaction with 
DNA polymerase I (Klenow fragment) as de- 
scribed (21). The three-nucleotide reaction (■; no 
TTP) contained dCTP, dGTP, and [ 32 P]dATP (50 
MCi/Mmol) at 0.1 mM. TTP (o) and Bio-dUTP 
(•> reactions were supplemented with the appro- 
priate triphosphate at a final concentration of 0 1 
mM. 



were suitable for use as hybridization probes, the denaturation 
and renaturation characteristics of several biotin-labeled DNA 
and RNA polymers were examined. As shown in Table 3 the 
melting temperature of DNA duplexes decreases as the Bio- 
DKr, j?^ 1 ° f the P olvmer increases. A parallel analvsis of 
RNA duplexes and DNA-RNA hybrids (not shown) indicates 
that they respond similarly. However, a pronounced decrease 
in melting temperature occurs onlv in heavilv substituted polv- 
mers [e.g. , poly(dA-dBio-U)] and even then the degree of coop- 



25 r 




m £ ,n B ,f 13 E 3ub3trate for 17 ™ A Polymerase. Reaction 
mixtures (0.15 ml) were 40 mM Tria-HCI. pH 8.0/30 mM MffCVlO 
mM 2-mercaptoethanoI./0.4 mM ATP/0.4 mM GTP/0.4 mM [ 3 H]CTP 
(lOO TiCi/MmoD/0.4 mM UTP or Bio-UTP containing 7.5 u* of T7 
DNA and 3.2 Mgof T7 RNA polymerase. Aliquots (20 ^1) were removed 
at the mcucated times and acid precipitated onto glass-fiber filters. 
BiWUT? ■* Bi °' UTP: -* ^^^de reaction; no UTP or 
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Table 1. Selective retention of biotin-labeled DNA on 

avidin^Sepharose 

% DNA retained on resin 





Bio-DNA (5%)* 


Control 


Load 


100 


100 


Eluent 






0.5 M NaCl 


100 


0.1 


1.0 M NaCi 


99.7 


<0.01 


8 M Urea 


100 


<0.01 


6 M Guanidine-HCl 


95.2 


<0.01 


99%Formamide 


94.7 


<0.01 


2 mM Biotin 


97.6 


<0.01 


50 mM NaOH 


89.5 


<0.01 



Avidin-Sepharose was prepared by coupling avidin to cyanogen bro- 
mide-activated Sepharose 4B essentially as described 122). Columns 
containing 0.2 ml of resin were equilibrated with 10 mM Tris-HCl/ 
0.20 M NaCl, pH 7.5, and the DNA samples 13 x 10* cpm per load: 2 
x 10 7 cpm/ fig) were applied in 0.2 ml of the same buffer. The columns 
were washed with 1.0 ml of loading buffer and then treated with 2.0 
ml of eluent. The % DNA retained on the resin was calculated by using 
the formula (cpm of DNA loaded - cpm eluted) + cpm loaded, as de- 
termined by Cerenkov counting 

• pBR322 DNA labeled with [ 3 *P]dAMP by nick translation in which 
5% of the TMP residues have been replaced by Bio-dUMP. 

erativity and the extent of hyperchromicity observed during 
denaturation are virtually identical to that of control polymers. 
Thus, pBR322 or A DNAs that have been nick translated to in- 
troduce ^20 biotin molecules per kilobase have melting tem- 
peratures similar to those of their biotin-free counterparts. 
Even MVM replicative form (RF) DNA in which every TMP 
residue in one strand (« 1250 in 5 kilobases) is replaced by Bio- 
dUMUhas a melting temperature that is only 5°C less than that 
of the unsubstituted DNA. Of greater significance is the ob- 
servation that lightly labeled DNA probes hybridize in solution 
at essentially the same rate as biotin-free probes (Fig. 3). Fur- 
thermore, 3i P-labeled biotin-substituted pBR322 DNA has the 
same degree of specificity and autoradiographic signal intensity 
as control biotin-free pBR322 DNA when used as a hybridiza- 
tion probe for detecting bacterial colonies that contain the plas- 
mid (data not shown). These results indicate that a substantial 
number of biotin-labeled nucleotides can be introduced into a 



Table 2. Selective immunoprecipitation of Bio-DNA with 

antibiotin IgG and Staphylococcus . 

Radioactivity, cpm 



DNA 


Antibody' 


Precipitate 


Supernatant 


Control 




70 


4867 


Control 


Anti-Bio IgG 


87 


5197 


Control 


Nonimmune IgG 


55 


5107 


Bio-DNA 




53 


3886 


Bio-DNA 


Anti-Bio IgG 


3347 


736 


Bio-DNA 


Nonimmune IgG 


60 


3900 



Immunoprecipitation of DNA samples was done essentially as de- 
scribed (23). Biotin-labeled and control pBR322 DNAs labeled with 
["PldAMP by nick translation I specific activity, 2 x 10 7 cpm/MgJ were 
treated with 100 m1 of formalin-fixed Staphylococcus (IgG Sorb, The 
Enzyme Center) in water for 10 min at room temperature. The super- 
natants from these reaction mixtures were incubated at 4°C for 1 hr 
without serum, with nonimmune rabbit serum, or with rabbit anti- 
biotin affinity purified from serum provided by Fred Harmon. Immune 
complexes were precipitated by the addition of 50 fA of IgG Sorb. After 
10 min at room temperature, the mixtures were centrifuged, and the 
pellets were washed three times with 30 mM Tris-HCl/150 mM NaCl/ 
0.05% Nonidet P-40, pH 7.5. and analyzed by Cerenkov counting. 



Table 3. Effect of biotin substitution on the thermal 
denaturation of DNA duplexes 

Bio-dUMP content 
DNA {% total nucleotides) T m , 'C 



Control pBR322 — 80 

Biotin-labeled pBR322 2.0 79 

Control MVM RF — 69 

Biotin-labeled MVM RF 12.5 64 

poly(dA-dT) - 62 

poly(dA-dBio-U) 50.0 47 



pBR322 DNAs were prepared by nick translation and thermally 
denatured in 10 mM Tris-HCl/50 mM NaCl/1.0 mM EDTA, pH 7.5. 
MVM RF DNAs were prepared as described in the legend to Fig. 1, and 
melting profiles were determined in 10 mM Tris-HCl/ 1.0 mM EDTA, 
pH 7.5. poly(dA-dT) and polytdA-dBio-U) were prepared from E. coli 
DNA polymerase I reactions primed by poIy(dA-dT) as described (24), 
and melting profiles were determined in 10 mM Tris-HCl/0. 10 M NaCl/ 
1.0 mM EDTA, pH 7.5. 

nucleic acid probe without significantly altering its hybridiza- 
tion characteristics. 

Several additional properties of biotin-labeled polynucleo- 
tides are worth noting at this point. First, phenol extraction 
should be avoided whenever possible during purification of Bio- 
DNA or Bio-RNA because heavily substituted polymers are 
extracted into the phenol layer and even lightly or moderately 
substituted ones (e.g., nick- translated DNAs) can often be re- 
tained at the phenol/ H 2 0 interface. Second, because the mass 
of Bio-dUMP is about twice that of TMP. extensive substitution 
can appreciably increase the overall mass of the polymer. For 
example, biotin-labeled MVM RF DNA (Fig. IB) and restric- 
tion fragments derived from it migrate more slowly in agarose 
gels than their biotin-free counterparts (Fig. 4). Finally, incor- 
poration Of a biotin-labeled nucleotide into a restriction endo- 
nuclease recognition site may prevent enzymatic cleavage. 




\0' z 10"' 10° 



C 0 t 

FlG. 3. Effect of biotin substitution on the reassociation rate of 
£. coli DNA. Sheared E. coli DNA was nick translated by using 
[a-"P]dATP and either TTP or Bio-dUTP to a specific activity of 1.3 
x 10 6 cpm/MS the Bio-DNA probe had -5.5% of its TMP residues 
replaced by Bio-dUMP. The probes were heat denatured and hybridized 
at 37°C to a 220-fold excess of denatured nonradiolabeled E. coli DNA 
in 50% formamide/0.30 M NaCl/0.03 M sodium citrate, pH 7.0. Ali- 
quots (10 /d) were removed at various times and diluted into 100 /il 
of 0.05 M sodium acetate. pH 5.0/0.05 M NaCl/ 1.0 mM ZnCl*. Mung 
bean nuclease (2 units; P*L Biochemicals) was added, and the mixture 
was incubated at 42°C for 15 min. The amount of 32 P-labeled probe 
made resistant to the single-strand-specific nuclease was determined 
by acid precipitation onto glass-fiber filters. C 0 t, initial concentration 
of DNA (moles of nucleotide/ liter) x time (sec), c, Control DNA; 
Bio-DNA probe. 
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FlG. 4. Effect of biotin substitution on restriction endonuclease 
cleavage of DNA. 32 P-Labeled MVM RF DNAs prepared as described 
iELthe legend to Fig. IB were cleaved with £coRI and Hae U as de- 
scribed (20), and the samples were subjected to electrophoresis in a 
1.4% agarose gel. Lanes: f, DNA gap filled with TTP as a substrate; 
T/B, DNA gap filled in the presence of equimolar concentrations of 
TTP and Bio-dUTP; B, DNA gap filled with Bio-dUTP. The faint bands 
in the Hae R lanes reflect a trace contamination of the enzyme with 
HaeUL 

When Bio-dUMP is in the recognition site of EcoRl (G-A-A-T- 
T-C), the DNA is totally refractory to this enzyme although it 
remains sensitive to digestion bv Hae II (PuC-C-G-CPv) (Fig. 
4). 



DISCUSSION 

Our data demonstrate that Bio-dUTP and Bio-LTP are used as 
substrates by a number of nucleic acid polymerases, albeit at 
somewhat lower rates than the parent compounds, TTP and 
UTP. This provides a simple and rapid procedure for synthe- 
sizing chemically stable bio tin-substituted polymers that hy- 
bridize specifically and efficiendy to complementary sequences 
either in solution or bound to solid supports. Because polynu- 
cleotides containing a limited number of biotin molecules (50 
or fewer per kb) hybridize with kinetics similar to those of un 
labeled controls, standard hybridization protocols need be mod 
ified little if at all. The observation that Bio-DNA or Bio-RNA 
and nonbiotinized sequences that hybridize to them, are selec 
tively retained on avidin-Sepharose columns or immunoprecip 
itated by the addition of antibiotin antibodies and Staphylococ 
cus is significant in several regards. First, these results suggest 
that biotin-labeled polymers can be used in conjunction with 
appropriate immunofluorescent, immunohistochemical. or af- 
finity reagents for detecting or localizing specific sequences in 



chromosomes.-cells, tissue sections, and blots. Our studies have 
led to the development of a rapid method of gene mapping by 
in situ hybridization that uses rabbit antibiotin; antibody and 
fluorescein-labeled goat anti-rabbit IgC to identify the loci of 
hybridized Bio-DNA probes and a histochemical procedure for 
detecting biotin-labeled sequences on nitrocellulose filters that 
uses antibody-alkaline phosphatase conjugates (unpublished 
data). Second, the ability to synthesize immunogenic DNAs 
(and to a lesser extent RNAs) enzymatically, both in purified in 
vitro systems and in crude cell lysates, may allow the use of 
immunoprecipitation techniques. Finally, because the inter- 
action between biotin-labeled polynucleotide probes and avi- 
din-Sepharose is essentially irreversible, it should be possible 
to develop refined protocols for enriching (or deleting) specific 
gene sequences from complex mixtures in a fashion analogous 
to that reported by Manning etai (25). Although further studies 
are obviously required, our results indicate that enzymatically 
biotin-labeled polynucleotides can function as nucleic acid af- 
finity reagents. 
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coupled neutral pump 



105 



covariance 



which are covered with two different, but 
adjacent, layers of a chromatographic 
support. 

coupled neutral pump A coupled pump in 
which the movement of one ion across the 
membrane must be linked to the movement of 
another ion, of equal valence, in the opposite 
direction. 

coupled pump A pump for the transport of one 
solute across a membrane that also drives the 
transport of a second solute across the same 
membrane in the opposite direction and in 
such a fashion that the transport of the second 
solute is physically dependent on the pump. 

coupled reactions An endergonic and an 
exergonic reaction that are linked ener- 
getically; the endergonic reaction is driven 
by the exergonic reaction which occurs simul- 
taneously and which shares a common inter- 
mediate with the endergonic reaction, such 
that the overall free energy change for the 
coupled reactions is negative. The ultimate 
coupling requirement is that the free en- 
ergy change for each step in the mechanism 
(usually AG', at pH 7.0) must be 0. Aka 
energetically coupled reactions; energy 
coupling. 

coupled transcription-translation The process, 
characteristic of prokaryotes, in which 
transcription and translation proceed simul- 
taneously; the mRNA is being translated into 
protein before transcription of DNA into the 
mRNA has been completed. 

coupled transport A transport system in which 
the movement of one solute across the 
membrane must be linked to the movement of 
a second solute across the same membrane 
but in the opposite direction. 

coupling 1. The linking of aerobic respiration, 
specifically the operation of the electron 
transport system, to the synthesis of ATP. 2. 
The tendency of linked genes to be inherited 
together on the same chromosome. 3. 

CHANNELING. 

coupling constant The separation between any 
two bands of multiple peaks in nuclear 
magnetic resonance; it is proportional to the 
magnitude of the spin-spin coupling. Sym J. 

coupling factors A group of proteins that are 
required for the coupling of ATP synthesis to 
the operation of the electron transport system 
either in mitochondrial oxidative pho- 
sphorylation or in chloroplast photosyn- . 
thesis. The mitochondrial coupling factor 1 
is now called F r ATPase. See also FoF r 
ATPase. 

coupling inhibition uncompetitive inhibition. 

covalent bond A bond formed between two 
atoms and consisting of one or more shared 
pairs of electrons such that one electron in a 



pair is donated by each of the two bonded 
atoms. See also coordinate covalent bond, 
covalent catalysis Catalysis that requires the 
formation of a covalent enzyme-substrate 
intermediate, 
covalent chromatography A column chro- 
matographic technique in which a chemical 
reagent is linked covalently to the solid 
support. When a sample is passed through 
the column, the reagent reacts with, and 
binds covalently, the substance of interest. 
An additional chemical reaction then releases 
the substance from the support and permits 
its elution from the column, thereby restor- 
ing the initial form of the support, 
covalent circle See circular covalent; covalently 

closed circle, 
covalent enzyme-substrate complex enzyme- 
substrate COMPOUND, 
covalent extension The initiation of DNA 
replication in which the leading strand is 
covalently attached to a parental strand as in 
the rolling circle replication, 
covalent intermediate LA substance formed 
during covalent catalysis such as the 
intermediate formed in the transaminase 
reaction. 2. A covalently linked, high-energy 
intermediate that, according to the chemical 
coupling hypothesis, functions in the coupling 
aspect of oxidative phosphorylation, 
covalent labeling affinity labeling. 
covalently circular See circular covalent. 
covalently closed circle A circular, double- 
stranded, DNA molecule in which each single 
strand is an unbroken, uninterrupted circle, 
covalently modified enzyme A regulatory 
enzyme that has the capacity of having its 
catalytic activity modified through chemical 
alteration of the molecule which, in turn, is 
catalyzed by other enzymes. The enzyme- 
catalyzed phosphorylation and dephos- 
phorylation of the enzyme phosphorylase 
is an example, 
covalent orbital An orbital that functions in the 

bonding of a low-spin complex, 
covalent structure analysis The determination 
of the covalent bonds that describe the 
arrangement of monomers in a macro- 
molecule; the bonds that describe the amino 
acid sequence and the location of disulfide 
bonds in a protein, or those that describe 
the nucleotide sequence in a nucleic acid are 
examples. 

covariance The average product of the 
deviations from the respective means for all 
pairs of values for the variables X and Y; the 
average of (X - X) (Y - YJ for all pairs of 
values of X and Y, where X and Y are the 
means for the X values and Y values, 
respectively. 
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can turn, fold, and coil in the three dimensions of space to establish a specific 
highly ordered architecture that is an identifying characteristic of the given 
protein molecule (Figure 1.11). 

Weak Forces Maintain Biological Structure and Determine 
Biomolecular Interactions 

Covalent bonds hold atoms together so that molecules are formed. In contrast 
weak chemical forces or noncovalent bonds (hydrogen bonds, van der Waals 
forces, ionic interactions, and hydrophobic interactions) are intramolecular or 
intermodular attractions between atoms. None of these forces, which typically 
range from 4 to 30 kj/mol, are strong enough to bind free atoms together 
(Table 1.3). The average kinetic energy of molecules at 25°C is 2.5 kj/mol so 
the energy of weak forces is only several times greater than the dissociating ten- 
dency due to thermal morion of molecules. Thus, these weak forces create in- 
teractions that are constandy forming and breaking at physiological tempera- 
ture, unless by cumulative number they impart stability to the structures 
generated by their collective action. These weak forces merit further discussion 
because their attributes profoundly influence the nature of the biological struc- 
tures they build. 




FIGURE 1.11 Three-dimensional space-filling repre- 
sentation of part of a protein molecule, the antigen- 
binding domain of immunoglobulin C (IgC). IgC is 
a major type of circulating antibody. Each of the 
spheres represents an atom in the structure. 



Van der Waals Attractive Forces Play an Important Role 
in Biomolecular Interactions 

Van der Waals forces are the result of induced electrical interactions between 
closely approaching atoms or molecules as their negatively charged electron 
clouds fluctuate instantaneously in time. These fluctuations allow attractions to 
occur between the positively charged nuclei and the electrons of nearby atoms 
Van der Waals interactions include dipole-dipole interactions, whose interac- 
tion energ.es decrease as 1/r'; dipole-induced dipole interactions, which fall 
off as 1/r 5 ; and induced dipole-induced dipole interactions, often called dis- 
persion or London dispersion forces, which diminish as l/r B . Dispersion forces 
contnbute to the attractive intermolecular forces between all molecules even 
those w.thout permanent dipoles, and are thus generally more important than 
dipole-dipole attractions. Van der Waals attractions operate only over a very 
lim.ted mteratomic distance (0.3 to 0.6 nm) and are an effective bonding in- 
teraction at physiological temperatures only when a number of atoms in a mol- 
ecule can interact with several atoms in a neighboring molecule. For this to 
occur, the atoms on interacting molecules must pack together neatly. That is 



A dipole is any structure with equal and opposite 
electrical charges separated by a small distance. 



Table 1.3 




Force 



Strength 
(kJ/mol) 



Distance 
(nm) . 



Description 



Van der Waals interactions 0.4-4.0 

Hydrogen bonds 12-30 

Ionic interactions 20 

Hydrophobic interactions <40 



0.3-0.6 

0.3 
0.25 



Strength depends on the relative size of the atoms or molecules and the 
distance between them. The size factor determines the area of contact 
between two molecules: The greater the area, the stronger the interaction. 
Relative strength is proportional to the polarity of the H bond donor and 
H bond acceptor. More polar atoms form stronger H bonds. 
Strength also depends on the relative polarity of the interacting charged 
species. Some ionic interactions are also H bonds: — NH, + . . ~OOC— 
Force is a complex phenomenon determined by the degree to which the 
structure of water is disordered as discrete hydrophobic molecules or 
molecular regions coalesce. 
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FIGURE 1.12 Van der Waals packing is 
enhanced in molecules chat are struc- 
turally complementary. Gin 121 represents 
a surface protuberance on the protein 
lysozyme. This protuberance fits nicely 
within a pocket (formed by Tyr 101 , Tyr 32 , 
Phe 91 , and Trp 92 ) in the antigen-binding 
domain of an antibody raised against 
lysozyme.. (See also Figure 1.16.) (a) A 
space-filling representation, (b) A ball- 
and-stick model. (From Amit, A. C, et at., 1986. 
Three-dimensional structure of an antigen-antibody 
complex at 2.8 A resolution. Science 233:747-753, 
figure 5.) 






FIGURE 1.13 The van der Waals interaction energy 
profile as a function of the distance, r, between the 
centers of two atoms. The energy was calculated 
using the empirical equation U = B/r xt — A/r 6 . 
(Values for the parameters B = 11.5 X 10 _,i kjnm l 7 
mol and A = 5.96 X 1 0 - "* kJnmYmol for the interac- 
tion between two carbon atoms are from Levitt, M., 
1974. Energy refinement of hen egg-white lysozyme. 
Journal of Molecular Biology 82:393-420.) 



their molecular surfaces must possess a degree of structural complementarity 
(Figure 1.12). 

At best, van der Waals interactions are weak and individually contribute 0.4 to 
4.0 kj/mol of stabilization energy. However, the sum of many such interactions 
within a macromolecule or between macromolecules can be substantial. For ex- 
ample, model studies of heats of sublimation show that each methylene group in 
a crystalline hydrocarbon accounts for 8 kj, and each C— H group in a benzene 
crystal contributes 7 kj of van der Waals energy per mole. Calculations indicate 
that the attractive van der Waals energy between the enzyme lysozyme and a 
sugar substrate that it binds is about 60 kj/mol. 

When two atoms approach each other so closely that their electron clouds . 
interpenetrate, strong repulsion occurs. Such refmlsivewzn der Waals forces fol- 
low an inverse 12th-power dependence on r (1/r 1 -), as shown in Figure 1.13. 
Between the repulsive and attractive domains lies a low point in the potential 
curve. This low point defines the distance known as the van der Waals contact 
distance, which is the interatomic distance that results if only van der Waals 
forces hold two atoms together. The limit of approach of two atoms is deter- 
mined by the sum of their van der Waals radii (Table 1.4). 

Hydrogen Bonds Are Important in Biomolecular Interactions 

Hydrogen bonds form between a hydrogen atom covalently bonded to an elec- 
tronegative atom (such as oxygen or nitrogen) and a second electronegative 
atom that serves as the hydrogen bond acceptor. Several important biological 
examples are given in Figure 1.14. Hydrogen bonds, at a strength of 12 to 
30 kj/mol, are stronger than van der Waals forces and have an additional 
property: H bonds are cylindrically symmetrical and tend to be highly direc- 
tional, forming straight bonds between donor, hydrogen, and acceptor atoms. 
Hydrogen bonds are also more specific than van der Waals interactions be- 
cause they require the presence of complementary hydrogen donor and ac- 
ceptor groups. 

Ionic Interactions Ionic interactions are the result of attractive forces between 
oppositely charged polar functions, such as negative carboxyl groups and posi- 
tive amino groups (Figure 1.15). These electrostatic forces average about 
20 kj/mol in aqueous solutions. Typically, the electrical charge is radially dis- 
tributed, so these interactions may lack the directionality of hydrogen bonds or 
the precise fit of van der Waals interactions. Nevertheless, because the opposite 
charges are restricted to sterically defined positions, ionic interactions can im- 
part a high degree of structural specificity. 
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The strength of electrostatic interactions is highly dependent on the nature 
of the interacting species and the distance, r f between them. Electrostatic in- 
teractions may involve ions (species possessing discrete charges), permanent 
dipoles (having a permanent separation of positive and negative charge) and 
induced dipoles (having a temporary separation of positive and negative 
charge induced by the environment). Between two ions, the strength oHnter- 
action diminishes as l/r. The interaction energy between permanent dipoles 
falls off as l/r\ whereas the energy between an ion and an induced dipole falls 
off as l/ r 4 . 1 

Hydrophobic Interactions Hydrophobic interactions result from the strone 
tendency of water to exclude nonpolar groups or molecules (see Chapter 9) 
Hydrophobic interactions arise not so much because of any intrinsic affinity 
of nonpolar substances for one another (although van der Waals forces do 
promote the weak bonding of nonpolar substances), but because water mol- 
ecules prefer the stronger interactions that they share with one another com- 
pared to their interaction with nonpolar molecules. Hydrogen-bondine in- 
teractions between polar water molecules can be more varied and numerous 
if nonpolar molecules come together to form a distinct organic phase This 
phase separation raises the entropy of water because fewer water molecules 
are arranged in orderly arrays around individual nonpolar molecules. It is 
these preferential interactions between water molecules that "exclude" hy- 
drophobic substances from aqueous solution and drive the tendency of non- 
polar molecules to cluster together. Thus, nonpolar regions of biological 
rnacromolecules are often buried in the molecule's interior to exclude them 
from the aqueous milieu. The formation of oil droplets as hydrophobic non- 
polar lipid molecules coalesce in the presence of water is an approximation 
of this phenomenon. These tendencies have important consequences in the 
creation and maintenance of the macromolecular structures and supramolec- 
ular assemblies of living cells. 



(a) H bonds 

Bonded atoms 

O — H O 

O — H CT 

O — H N 

N — H O 

+ N— H O 

N — H N 



Approximate 
bond length* 

0.27 mn 
0.2b* nm 
0.29 tun 
0.:i() nm 
0.29 nm 
0.:1I nm 



'Lengths given are distances from tlic atom 
covalciuly linked to the H to the atom 
H bonded to the hydrogen: 

O — H O 

|<-0.27nm^| 

(b) Functional groups that are important 
H-bond donors and acceptors: 
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Biochemistry'^-Now- animated figure i.u 

Some of the biologically important H bonds and 
functional groups that serve as H bond donors 
and acceptors. See this figure animated at http:// 
chemistry.brookscole.com/ggb3 
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Intramolecular ionic bonds between oppositely 
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Biochemistryf^Now- ANIMATED FIGURE 1.15 

Ionic bonds in biological molecules. See this figure 
animated at http://chemistry.brookscole.com/ggb3 
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The Defining Concept of Biochemistry Is "Molecular Recognition 
Through Structural Complementarity" 

Structural complementarity is the means of recognition in biomolecular inter- 
actions. The complicated and highly organized patterns of life depend on the 
ability of biomolecules to recognize and interact with one another in very spe- 
cific ways. Such interactions are fundamental to metabolism, growth, replica- 
tion, and other vital processes. The interaction of one molecule with another, 
a protein with a metabolite, for example, can be most precise if the structure 
of one is complementary to the structure of the other, as in two connecting 
pieces of a puzzle or, in the more popular analogy for macromolecules and 
their ligands, a lock and its key (Figure 1.16). This principle of structural comple- 
mentarity is the very essence of biomolecular recognition. Structural complementarity 
is the significant clue to understanding the functional properties of biological 
systems. Biological systems from the macromolecular level to the cellular level 
operate via specific molecular recognition mechanisms based on structural 
complementarity: A protein recognizes its specific metabolite, a strand of DNA 
recognizes its complementary strand, sperm recognize an egg. All these inter- 
actions involve structural complementarity between molecules. 

Biomolecular Recognition Is Mediated by Weak Chemical Forces 

Weak chemical forces underlie the interactions that are the basis of biomolec- 
ular recognition. It is important to realize that because these interactions are 
sufficiently weak, they are readily reversible. Consequently, biomolecular inter- 





(b) 



, , ^- com P le ™ na *'r- ^ Pi«es ofa puzzle, the lock and its key. a biological 
™7 ^i ' U ''S 11 "?-™ antigen-antibody complex. ( a ) The antigen on the right (gVeen) 
„ a small proton, lysozyme, from hen egg white. The part of the antibody molecule (IgC) shown 
on the left ,„ blue and yellow include., the antigen-binding domain, (b) This domain has a pX 
that ls .structurally complementary to a surface protuberance (Gin'-', shown in red between antigen 
and anugen-bintling domain) on the antigen. (See also Figure 1.12.) . 



actions tend to be transient; rigid, static lattices of biomolecules that might par- 
alyze cellular activities are not formed. Instead, a dynamic interplay occurs be- 
tween metabolites and macromolecules, hormones and receptors, and all the 
other participants instrumental to life processes. This interplay is initiated 
upon specific recognition between complementary molecules and ultimately 
culminates in unique physiological activities. Biological function is achieved 
through mechanisms based oh structural complementarity and weak chemical 
interactions. 

This principle of structural complementarity extends to higher interactions 
essential to the establishment of the living condition. For example, the forma- 
tion of supramolecular complexes occurs because of recognition and interac- 
tion between their various macromolecular components, as governed by the 
weak forces formed between them. If a-sufficient number of weak bonds can be 
formed, as in macromolecules complementary in structure to one another, 
larger structures assemble spontaneously. The tendency for nonpolar mole- 
cules and parts of molecules to come together through hydrophobic interac- 
uons also promotes the formation of supramolecular assemblies. Very complex 
subcellular structures are actually spontaneously formed in an assembly process 
that is driven by weak forces accumulated through structural complementarity. 

Weak Forces Restrict Organisms to a Narrow Range 
of Environmental Conditions 

Because biomolecular interactions are governed by weak forces, living systems are 
restricted to a narrow range of physical conditions. Biological macromolecules 
are functionally active only within a narrow range of environmental conditions, 
such as temperature, ionic strength, and relative acidity. Extremes of these con- 
ditions disrupt the weak forces essential to maintaining the intricate structure of 
macromolecules. The loss of structural order in these complex macromolecules, 
so-called denaturation, is accompanied by loss of function (Figure 1.17). As a con- 
sequence, cells cannot tolerate reactions in which large amounts of energy are 
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BiochemistryC^Novr- animated figure 1.17 

Denaturation and renaturation of the intricate struc- 
ture of a protein. See this figure animated at http:// 
chemistry.brookscole.com/ggb3 
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released, nor can they generate a large energy burst to drive energy-requiring 
processes. Instead, such transformadons take place via sequendal series of chem- 
ical reacdons whose overall effect achieves dramadc energy changes, even 
though any given reaction in the series proceeds with only modest input or 
release of energy (Figure 1.18). These sequences of reactions are organized to 
provide for the release of useful energy to the cell from the breakdown of food 
or to take such energy and use it to drive the synthesis of biomolecules essential 
to the living state. Collectively, these reacuon sequences constitute cellular 
metabolism — the ordered reacuon pathways by which cellular chemistry pro- 
ceeds and biological energy transformations are accomplished. 



The combustion of glucose: C,;H i; >O ti + 6 Q 
(a) In an aerobic cell 
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Biochemistry ^NOW- ACTIVE FIGURE 1.18 Metabolism is the organized release or cap- 
ture of small amounts of energy in processes whose overall change in energy is large, (a) For 
example, the combustion of glucose by cells is a major pathway of energy production, with the 
energy captured appearing as 30 to 38 equivalents of ATP, die principal energy-rich chemical of 
cells. The ten reactions of glycolysis, the nine reactions of the citric acid cycle; and the successive 
linked reactions of oxidative phosphorylation release the energy of glucose in a stepwise fashion 
and the small "packets" of energy appear in ATP. (b) Combustion of glucose in a bomb calorime- 
ter results in an uncontrolled, explosive release of energy in its least useful form, heat. Test your- 
self on the concepts in this figure at http://chemistry.brookscole.com/ggb3 
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Enzymes Catalyze Metabolic Reactions 

The sensitivity of cellular constituents to environmental extremes places an- 
other constraint on the reactions of metabolism. The rate at which cellular re- 
actions proceed is a very important factor in maintenance of the living state 
However, the common ways chemists accelerate reactions are not available to 
cells; the temperature. cannot be raised, acid or base cannot be added, the pres- 
sure cannot be elevated, and concentrations cannot .be dramatically increased 
Instead, biomolecular catalysts mediate cellular reactions. These catalysts 
called enzymes, accelerate the reaction rates many orders of magnitude and by 
selecting the substances undergoing reaction, determine the specific reaction 
that takes place. Virtually every metabolic reaction is catalyzed by an enzyme 
(Figure 1.19). 

Metabolic Regulation Is Achieved by Controlling the Activity of Enzymes Thou- 
sands of reactions mediated by an equal number of enzymes are occurring at any 
given instant within the cell. Metabolism has many branch points, cycles/and in- 
terconnections, as a glance at a metabolic pathway map reveals (Figure 1.20) All 
these reactions, many of which are at apparent cross-purposes in the cell must 
be fine-tuned and integrated so that metabolism and life proceed harmoniously 
The need for metabolic regulation is obvious. This metabolic regulation is 
achieved through controls on enzyme activity so that the rates of cellular reac- 
tions are appropriate to cellular requirements. 

Despite the organized pattern of metabolism and the thousands of enzymes 
required, cellular reactions nevertheless conform to the same thermodynamic 
pnnaples that govern any chemical reaction. Enzymes have no influence over 
energy changes (the thermodynamic component) in their reactions. Enzymes 
only influence reaction rates. Thus, cells are systems that take in food, release 
waste, and carry out complex degradative and biosynthetic reactions essential 
to their survival while operating under conditions of essentially constant tem- 
perature and pressure and maintaining a constant internal environment 
(homeostasis) with no outwardly apparent changes. Cells are open thermodynamic 
systems exchanging matter and energy with their environment and functioning as highly 
regulated isothermal chemical engines. 




Biochemistryi^Now 1 - ANIMATED FIGURE 1.19 

Carbonic anhydrase, a representative enzyme, and 
the reaction that it catalyzes. Dissolved carbon diox- 
ide is slowly hydrated by water to form bicarbonate 
ion and H + : 

CO, + H,O^HCO ; r + H + 

At 20° C, the rate constant for this uncatalyzed reac- 
tion, k ttHttlt , is 0.03/.sec. In the presence of the enzyme 
carbonic an h yd rase, the rate constant for this reac- 
tion, k n , t , i.s lOVsec. Thus, carbonic anhydra.se accel- 
erates the rate of this reaction 3.3 X I0 7 times. Car- 
bonic anhydrase is a 29-kD protein. See this figure 
animated at http://chemistry.brookscoIe.com/ggb3 
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What Is the Organization and Structure 
of Cells? 



All living cells fall into one of two broad categories— prokaryotic and eukary- 
ohc. The distinction is based on whether the cell has a nucleus. Prokaryotes are 
single-celled organisms that lack nuclei and other organelles; the word is de- 
rived from pro meaning "prior to" and karyot meaning "nucleus." In conven- 
tional biological classification schemes, prokaryotes are grouped together as 
members of the kingdom Monera, represented by bacteria and cyanobacteria 
(formerly called blue-green algae). The other four living kingdoms are all 
eukaryotes— the single-celled Protists, such as amoebae, and all multicellular 
life forms, including the Fungi, Plant, and Animal kingdoms. Eukaryotic cells 
have true nuclei and other organelles such as mitochondria, with the prefix eu 
meaning "true." 



The Evolution of Early Cells Gave Rise to Eubacteria, Archaea, 
and Eukaryotes 

For a long time, most biologists believed that eukaryotes evolved from the sim- 
pler prokaryotes in some linear progression from simple to complex over the 
course of geological dme. However, contemporary evidence favors the view that 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 



Ha BLACK BORDERS 
HOMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

EfcOLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 



M LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 



IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 





